Infection of sheep with the gastric nematode Teladorsagia circumcincta results in distinct Th2-type changes in the mucosa, including mucous neck cell and mast cell hyperplasia, eosinophilia, recruitment of IgA/IgE producing cells and neutrophils, altered T-cell subsets and mucosal hypertrophy. To address the protective mechanisms generated in animals on previous exposure to this parasite, gene expression profiling was carried out using samples of abomasal mucosa collected pre-and post-challenge from animals of differing immune status, using an experimental model of T. circumcincta infection. Recently developed ovine cDNA arrays were used to compare the abomasal responses of sheep immunised by trickle infection with worm-naïve sheep, following a single oral challenge of 50 000 T. circumcincta L3. Key changes were validated using qRT-PCR techniques. Immune animals demonstrated highly significant increases in levels of transcripts normally associated with cytotoxicity such as granulysin and granzymes A, B and H, as well as mucous-cell derived transcripts, predominantly calcium-activated chloride channel 1 (CLCA1). Challenge infection also induced up-regulation of transcripts potentially involved in initiating or modulating the immune response, such as heat shock proteins, complement factors and the chemokine CCL2. In contrast, there was marked infection-associated down-regulation of gene expression of members of the gastric lysozyme family. The changes in gene expression levels described here may reflect roles in direct anti-parasitic effects, immuno-modulation or tissue repair. (Funding; DEFRA/SHEFC (VT0102) and the BBSRC (BB/E01867X/1)).
Introduction
Parasitic gastroenteritis (PGE), caused by trichostrongylid nematodes, is the most commonly diagnosed systemic disease of sheep in the U.K. The principal causative nematode is the abomasal parasite Teladorsagia circumcincta. Control currently depends on the use of anthelmintics, but is failing due to the rapid emergence of drug resistance in the target nematodes [1] . Immunity builds up slowly on repeated exposure to the parasite, indicating vaccination could be a feasible alternative, but vaccine development is hampered by a lack of knowledge of the host-parasite interaction to infective larvae. This immunity can be replicated experimentally by giving animals a low level trickle infection over several weeks, which results in a significant level of protective immunity to T. circumcincta challenge, measurable by reduced worm burdens, stunting of the worms and increased levels of larval arrest [2] [3] [4] . Protective immunity includes both cellular and humoral components; previously exposed animals undergo a local blast cell response in the draining lymphatics which can convey protection to genetically identical naïve recipients [2, 5] , while local IgA/IgE responses have been associated with certain protective responses such as stunted growth and reduced fecundity of the worms [4, 6, 7] . T. circumcincta challenge in previously immunised sheep elicits local predominantly Th2 cytokine expression, compared to a more Th1-bias in naïve animals [8, 9] . This response is accompanied by distinct Th2-type changes in the mucosa, such as mucous neck cell and mast cell hyperplasia, eosinophilia, recruitment of IgA/IgE producing cells and neutrophils, altered T-cell subsets and mucosal hypertrophy [10] [11] [12] [13] [14] . However, the molecular changes involved, and the relative contributions of these factors to both control of infection and the clinical symptoms of disease, are still poorly understood. The host immune responses may act concordantly to generate an unfavourable micro-environment [15] , which could involve generation of specific antibodies to reduce worm fecundity or feeding [6, 7] , or promote rapid expulsion [16] . To identify the molecular changes generated in the abomasal mucosa in animals after previous exposure to this parasite, gene expression profiling was carried out using ovine cDNA microarrays on samples of abomasal mucosa collected pre-and post-challenge from animals of differing immune status. The significance of the key changes observed is discussed.
Materials and Methods
All experimental research described in this manuscript was carried out in accordance with Moredun Research Institute, Roslin Institute and R(D)SVS guidelines. All experimental protocols were approved by the Moredun Research Institute Experiments and Ethical Review Committee and authorised under the UK Animals (Scientific Procedures) Act 1986.
Infections and sample collection
A series of experimental trials were set up to compare the immune responses of "previously infected" yearling sheep immunised by an eight-week trickle infection (referred to subsequently as "immune" throughout this manuscript), with worm-free naïve yearling sheep, at different timepoints post-challenge with a single dose of 50 000 T. circumcincta L3. The details of these infection trials are summarised in Table 1 . All sheep were housed under worm-free conditions. Previously described work has established that there were significant differences in anti-parasite responses between the "naïve" and "immune" groups used in this study [4, 11] . Samples of host material collected post-mortem included abomasal fold (anterior to the fundic region) for RNA extraction [17] . RNA was extracted as described previously [17] and assessed for quality and quantity using an Agilent 2100 Bioanalyzer (Agilent Technologies UK Ltd, Edinburgh, U.K.) according to ARK-Genomics standard protocols [18] .
Hybridisations and statistical analysis
Ovine cDNA microarrays (ARK-Genomics O. aries 12 K v1.0) were generated at ARK-Genomics using PCRamplified products from individual cDNA clones predominantly from the KN511 library; a normalised cDNA library generated from gastrointestinal tract and lymphoid tissues of worm-free and T. circumcincta infected sheep, supplemented with an existing sheep/brain library [19] . Expressed Sequence Tags (ESTs) for each cDNA clone have been deposited in the EMBL/Genbank public DNA sequence databases. The array was annotated on the basis of homologous bovine sequences using Unigene, DfCI Gene Index, Ensembl cDNA library and the International Protein Index.
In order to characterise responses at day 5 (Expt.1) and day 0/day 2 (Expt. 2) post-challenge (Table 1) , RNA samples were fluorescently labelled and competitively hybridised to the ovine cDNA microarrays using ARKGenomics standard protocols [18] . Samples were paired in a dye-balanced arrangement as indicated in Table 2 . The groups of samples being paired will be termed throughout this manuscript as Nvd5/Nvd0 (i.e. naive day 5 post-challenge vs. day 0 (unchallenged)), Imd5/ Nvd5 (i.e. immune vs. naive day 5 post-challenge), Imd0/Nvd0 (i.e. immune vs. naive day 0 (unchallenged)) and Nvd2/Nvd0 or Imd2/Imd0 (i.e. naive or immune The experimental model of infection used in this study is summarised. Details are given in the footnotes. Two experimental trials were carried out; Expt.1; addressing differences between immune ("previously infected") and naïve sheep at days 5 and 10 post challenge, and Expt.2, addressing differences between immune and naïve and sheep without challenge (day 0) and early post-challenge (day 2).
day 2 post-challenge vs. day 0 (unchallenged)), and as shown in Table 2 . Scanning and data capture using Bluefuse feature extraction software (BlueGnome Limited, Cambridge, United Kingdom) was undertaken according to ARK-Genomics standard protocols [18] . Log 2 (intensity ratios) were subjected to spatial and intensity dependent normalisations to remove technical bias by spatial row and column averaging [20] and M-A lowess correction [21] . Means of normalized gene log 2 (intensity ratios) were compared for treatment effects and treatment-by-dye interactions by ANOVA followed by t-tests, using modifications of the Limma package [22] . Statistical analysis to generate gene lists was based on each sample coming from a different sheep, and fitting the two (Expt. 1) or three (Expt. 2) dye-balanced arrangements with a common error variance. T-tests were modified by the Limma eBayes correction [23] . Genes with Benjamini & Hochberg false discovery rate ≤ 0.05 [24] were considered to show significantly different expression levels. Normalisations and analyses were weighted by the Bluefuse "confidence" measure [25] . Subsets of the data from Expt. 2; genes whose expression levels were significantly changed (FDR ≤ 0.05) ≥ 1.5 fold from the Imd0/Nvd0 and Imd2/Imd0 gene lists (Table 1) ); were analyzed through the use of Ingenuity Pathways Analysis (Ingenuity ® Systems (Redwood City, CA, U.S.A) [26] ) by inputting human gene symbols (HUGO) for their putative ovine orthologues.
RT-PCR and multiplex qRT-PCR analysis
Subsequent validation assays for selected groups of genes whose expression levels were significantly changed (FDR ≤ 0.05) ≥ 2 fold were carried out initially by semiquantitative RT-PCR and sequence analysis of products to confirm identity. Methods for reverse transcription, polymerase chain reaction and purification of PCR products have been described previously [17, 27] . Gene-specific primers were designed from the ovine sequences (ESTs) for the relevant KN511 cDNA clones, or previously published sequences, using the Primer 3 program; [28] . Primers and PCR conditions for RT-PCR are shown in Additional file 1: Table S1 . Three "housekeeping" genes found to show no significant change in any of the array analyses (ATPase, RW1 and TM57; Table 3) were used as positive controls. Sequence analysis of PCR products was carried out using multiple alignment and sequence similarity search programs available on [29, 30] and [31] . In order to provide quantitative data on gene expression for the transcripts investigated above, two multiplex competitive qRT-PCR assays were designed from published sequences as summarised in Table 3 ; which included a total of 21 study genes and 3 "housekeeping" genes. Multiplex competitive qRT-PCR assays were designed by Sequenom Inc. (San Diego, CA, USA) using QGE assay designer software, version 3.4 (Sequenom
®

MassARRAY
® System; [32] . These assays were used to compare levels of transcripts for each gene in naïve sheep with immune sheep at days 0, 2, 5 and 10 and 21 post-challenge, by running the multiplex qRT-PCR assays with cDNA from all 60 RNA samples summarised in Table 1 . The assays and data collection were carried out using Sequenom standard protocols for quantitative gene expression [33] . Significant differences were identified using the Mann-Whitney U-test for nonparametric data.
Results
Results of microarray analysis
The numbers of transcripts that exhibited significant changes in expression levels (Benjamini & Hochberg FDR ≤0.05) in Expts. 1 and 2 are summarised in the Venn diagrams in Figure 1 , and in Additional file 1 Table S2 . In both experiments, the highest numbers of transcripts showing significantly altered expression levels (approx > 2K) were associated with the challenged immune group (day 2 or day 5) compared to day 0 of the same group, or compared to naive animals at the same timepoint post-challenge (Figure 1a and 1b) . There were no significantly differentially expressed genes in the Nvd2/Nvd0 comparison from Expt. 2. Any transcripts showing significant (FDR ≤ 0.05) treatmentby-dye interactions (Additional file 1: Table S2; Expt. 2) were removed from the gene lists. This precautionary measure excluded pairs of treatment estimates (from cy5-cy3 or cy3-cy5 dye orientations) with conflicting signs and some pairs of treatment estimates with the largest proportionate differences in magnitude (graphs not presented). The complete gene lists of significantly differentially expressed genes, with significant treatment-by-dye interactions excluded, are available under Array Express [34] or by contacting the authors. Data from Expt. 2 were analysed through the use of Day 5 post-challenge (n = 6) (n = 6)
Samples in both cDNA hybridisation experiments were paired as indicated with a dye-balanced arrangement (three cy3/cy5 & three cy5/cy3 hybridisations). Nv = "naïve" yearlings, worm naïve prior to challenge; Im = "immune" yearlings, previously infected by trickle infection prior to challenge (see Table 1 ). Figure 1 Venn diagrams to illustrate total numbers of genes whose expression levels were significantly altered (FDR ≤ 0.05) detected in each hybridisation experiment; 1a) Expt.1; day 5 post-challenge 1b) Expt. 2; day 2 post-challenge. Nv = "naïve" yearlings, worm naïve prior to challenge; Im = "immune" yearlings, previously infected by trickle infection prior to challenge; d0, d2, d5 = days post-challenge; (details in Table 1 ). The figures in the circled regions correspond to the number of genes with significantly altered (FDR ≤ 0.05) expression levels in each comparison (details given in Table 2 ) while the figures in the overlapping regions correspond to the number of genes whose expression levels were significantly altered (FDR ≤ 0.05) in two or more comparisons; eg. 8 genes showed significantly altered expression levels in both the Imd2/ Imd0 and Imd0/Nvd0 comparisons. The figures outside the circled regions correspond to the numbers of genes on the array with no significant change in expression level in any of the comparisons. The EMBL accession no. for the sequences used to design multiplex competitive qRT-PCR assays (Sequenom ® MassARRAY ® System) is given, together with the representative probe on the ovine cDNA array. The two multiplex competitive qRT-PCR assays were designated W1 and W2 as indicated. a Only ITLN2 was represented on the arrays. b These cDNA probes would not be able to distinguish between LZM1A, 3A and 4A.
Ingenuity Pathways Analysis (Ingenuity ® Systems, [26] ). Data were analysed from two datasets of genes whose expression levels were significantly changed (FDR ≤ 0.05) ≥ 1.5 fold in Expt. 2 (see Table 2 ): Imd0/Nv d0; to highlight changes induced by trickle infection immunisation, and Imd2/Imd0; to highlight early (<48 h) changes induced following challenge of immunised animals. For each differentially expressed ovine transcript of interest the gene identifier (HUGO) for the putative orthologous human gene and the transcript's expression value were uploaded into the application. The output of the top 20 most significant (Fisher's exact test) biological functions are shown in Figure 2 . Significant networks (P ≤ 10 -10 ; Fischer's exact test) identified from the Imd0/Nvd0 and Imd2/Imd0 datasets from Expt. 2 are shown in Additional file 2 Table S3 . Pathways were identified from the Ingenuity Pathways Analysis (Ingenuity ® Systems, [26] ) library of canonical pathways that were most significant to the data set. The top 20 most significant canonical pathways from the Imd0/Nvd0 and Imd2/Imd0 datasets from Expt. 2 are shown in Additional file 2 Table S4 .
The biological function associated with the most significant changes (Figure 2 ) in the Imd0/Nvd0 comparison was "Cell Cycle", which also features as the most significant network (Additional file 2 Table S3 ) probably reflecting the increased cellular turnover occurring in the immune versus naïve abomasum. "Cancer" was the most significant function from the Imd2/Imd0 comparison, which is likely to relate to increased transcription factor activity following challenge of the immunised sheep. It is notable that the functions "Inflammatory Disease", Immunological Disease", "Infectious Disease" and "Cell-mediated Immune Response" were identified in the Imd2/Imd0 comparison only, which is indicative of increased innate and adaptive immune responses within 48 h following challenge. The most significant network from the Imd2/Imd0 comparison is "Hematological Disease, Small Molecule Biochemistry, Cellular Compromise" (Additional file 2 Table S3 ); further Figure 2 The top 20 most significant biological functions identified from the Imd0/Nvd0 and Imd2/Imd0 datasets from Expt. 2, using Ingenuity Pathways Analysis software (Ingenuity ® Systems, [26] ). The Functional Analysis identified the biological functions and/or diseases that were most significant to the data set. Right-tailed Fisher's exact test was used to calculate a P-value determining the probability that each biological function and/or disease assigned to that data set is due to chance alone.
pathway analysis of this subset (data not shown) showed the most significant pathways within this network were the "Complement System", "Granzyme B signalling" (i.e. Granzyme B pathway), "Huntington's Disease signalling" and "NRF2-mediated oxidative stress response"; the latter two pathways predominantly involve heat shock proteins. It is notable that NFkB signalling predominated in many of the pathways within this network. The 20 most significant pathways from the whole Imd0/Nvd0 and Imd2/Imd0 datasets are shown in Additional file 2  Table S4 . The 20 most significantly (FDR ≤ 0.05) up-and downregulated transcripts from both experiments are shown in Tables 4 (up-regulated transcripts) and 5 (down-regulated transcripts). Fold changes of a selection of these transcripts, grouped under possible function, are illustrated diagrammatically in Figure 3 . Transcripts of particular biological interest, listed in Table 3 , were selected for further investigation, initially by semi-quantitative RT-PCR (Additional file 1 Table S1 ) and sequence analysis to validate expression in the abomasum and sequence identity (data not shown) and subsequently, by multiplex competitive qRT-PCR analyses ( Table 3 ). The aims of these assays were to validate the key findings from the array analysis (Figure 3 ), and to examine temporal changes in response to challenge infection in both the naïve and immune groups, using samples collected at post-mortem on days 0-21 postchallenge as summarised in Table 1 
Transcripts normally associated with cells exhibiting cytotoxicity
Transcripts for granulysin were identified as the most highly up-regulated in immune sheep (+94 fold), compared with naïve at day 5 post-infection (p.i.) (Table 4 ; Figure 3 ), and were confirmed to show significantly (FDR ≤ 0.05) highly up-regulated expression in immune animals at all timepoints post-challenge by multiplex qRT-PCR ( Figure 4 ). We also observed a +2-5 fold upregulation of transcripts for granzymes A, B and H in immune animals on day 5 post-challenge compared with naïve, and a >7 fold up-regulation of cathepsin C transcripts in immune animals on day 2 after challenge compared to naïve or to day 0 ( Figure 3a) . Results from the multiplex qRT-PCR analysis showed significantly higher numbers of transcripts for granzymes A and H in immune abomasal samples compared to naïve at day 5 post-challenge, with elevated levels persisting at day 10, but expression of granzyme B was highly variable and not significant ( Figure 4 ). Transcripts for cathepsin C were generally 10-fold more abundant in challenged animals at days 5-21 compared to day 0, although there were no significant differences between the immune and naïve groups ( Figure 4 ). The 20 most significant pathways identified from the Imd2/Imd0 comparison included "Crosstalk between Dendritic cells and NK cells", "Granzyme B Signalling" and "Leukocyte Extravasation Signalling", indicative of an increased cellmediated immune response (Additional file 2 Table S4 ).
Mucous-cell associated transcripts
The mucous-cell associated transcript calcium-activated chloride channel 1 (CLCA1) was one of the most upregulated transcripts seen in immune sheep in both experiments. CLCA1 was the second most up-regulated transcript in immune versus naïve sheep day 5 postchallenge (Expt. 1) and was also among the most upregulated transcripts in the immune versus naïve sheep at day 0 and day 2 post-challenge (Expt 2) (Table 4, Figure 3b )). Significant (FDR ≤ 0.05) up-regulation of CLCA1 transcripts in immune versus naïve sheep was confirmed in the multiplex qRT-PCR analysis (day 5 post-challenge, Figure 5 ) and there was a general upregulation of expression in response to challenge (i.e. compared to day 0) in both groups, significant (P ≤ 0.01) in naïve animals on days 5-21. We also observed significant up-regulation of transcripts for the mucous cell product trefoil factor 3 (TFF3) in immune animals compared to naïve (Table 4 ; Figure 3b )), while trefoil factor 2 (TFF2) was highly down-regulated (Table 5) .
While members of the intelectin family, galactosebinding lectins expressed by mucous neck cells [27] , did not feature in the lists of significantly up-regulated genes from the microarray analysis (only ITLN2 (KN511_9264a24.p1kaM13F) was represented on the array), specific assays for all three of these genes were included in the multiplex qRT-PCR analysis as a positive control, since ITLNs 1, 2 and 3 have been shown to be up-regulated in abomasal mucosa in response to T. circumcincta [35] . There was a significant up regulation in response to challenge in the naïve group for all 3 intelectins, with earlier up-regulation of ITLN-3 than ITLN-1 and -2, although these assays did not show significant differences between naïve and immune sheep ( Figure 5 ). We also observed infection-associated up-regulation of transcripts for two galectins, which belong to the C-type lectin family; galectin 1 (+1.5 fold), and galectin 4 (+1.6 fold).
Mast -cell associated transcripts
Significantly (FDR ≤ 0.05) up-regulated gene expression of the high affinity IgE receptor in immune animals was detected on day 2 (+1.5 fold) and day 5 (+1.8 fold) postchallenge, compared to the naïve group at the same timepoints. Up-regulated expression of cathepsin C, another potential mast cell transcript, has already been mentioned in the previous section. SMCP-1 and tryptase, which are expressed by abomasal mucosal mast cells during nematode infection [36, 37] , did not feature on this array.
Heat shock proteins
Significant up-regulation of a number of transcripts for heat shock proteins was detected in both microarray experiments. Transcripts for the heat shock proteins HSP1A (HSP70 protein 1A) and HSPA6 (HSP 70 protein 6) feature among some of the most significantly (FDR ≤ 0.05) highly up-regulated transcripts detected in immune sheep, up-regulated (+3-7 fold) by day 2 postchallenge in this group in comparison to naive ( Figure  3c ) and Table 4 ). The STIP1 (HSP70/90 organising protein; HOP) and HSPA8 (HSP70 protein 8) genes also appear to show significantly up-regulated expression in immune animals compared to naïve (+1.5-2 fold) ( Figure  3c ) and Table 4 ). Transcripts for HSPCA (HSP90a) appear to show significantly (FDR ≤ 0.05) increased levels on day 2 post-challenge in immune animals, although the expression pattern varies across the different comparisons (Figure 3c ) and Table 4 ). The most significant network identified in the Imd2/Imd0 comparison (Network 1;"Cellular Compromise"; Additional file 2 Table S3 ) links STIP1 with a number of heat shock proteins in the HSP70/90 family. Multiplex qRT-PCR analysis showed that transcripts for STIP1 were significantly (P ≤ 0.01-0.05) increased day 5-21 post-challenge in the naïve group, with a similar trend in immune sheep, although there were no immune day 0 animals within the same trial ( Figure 6 ). Multiplex qRT-PCR analysis, however, did not support all the findings for HSPA8 and HSPCA, although there was a significant (P ≤ 0.05) challenge-associated increase in levels of HSPA8 transcripts in the naïve group by day 10 ( Figure 6 ).
Transcripts associated with pro-inflammatory responses
The microarray analyses demonstrated significant (FDR ≤ 0.05) up-regulation of a number of transcripts associated with eicosanoid metabolism. Transcripts for PLA2G2A, which liberates arachidonic acid from phospholipids, were significantly up-regulated in response to challenge (+3 fold), and in immune animals compared to naïve at day 2 and day 5 post-challenge (+1.5-2 fold) ( Figure 3d ). The multiplex qRT-PCR analysis showed significant (P ≤ 0.05) up-regulation of PLA2G2A transcripts at day 5 post-challenge, but did not show significant differences between the naïve and immune groups ( Figure 6 ). Transcripts for prostaglandin E synthase (CPGES), another member of this pathway, appear to be significantly (FDR ≤ 0.05) up-regulated (+1.6 fold) in immune animals by day 2 post-challenge compared to naïve animals. "Arachidonic Acid Metabolism" features among the significant pathways from the Imd0/Nvd0 comparison (Additional file 2 Table S4 ). Transcripts for the chemokine CCL2 (MCP-1) were significantly up-regulated >2 fold on day 2 post-challenge in immune sheep, compared to naïve or unchallenged sheep (Figure 3d ). Multiplex qRT-PCR analysis showed that transcripts for CCL2 were significantly (P ≤ 0.01-0.05) increased day 10-21 post-challenge in the naïve group in Expt. 1, with a similar trend in the immune group, but did not show significant differences between the two groups ( Figure 6 ). Transcripts for the chemokine CCL5 (RANTES) were among the most upregulated in naïve sheep on day 5 post-challenge (+1.5 The experiment and the samples being compared are given as subheadings at the top of each section. Nv = "naïve" yearlings, worm naïve prior to challenge; Im = "immune" yearlings, previously infected by trickle infection prior to challenge, d = days post-challenge. Details of the experimental trials and hybridisation design are given in Tables 1 and 2 . 
KN511_9256g17.p1kaM13F TC314535 homologue to UP|Q94513_DROME (Q94513) Boundary element associated factor (LD44361p) (CG10159-PB, isoform B), partial (5%)
KN511_9256g17.p1kaM13F TC314535 homologue to UP|Q94513_DROME (Q94513) Boundary element associated factor (LD44361p) (CG10159-PB, isoform B), partial (5%) fold; Figure 3d )), and were up-regulated in immune sheep compared to naive at this timepoint (+1.4 fold). Gene expression of several members of the complement cascade also appear to be up-regulated in response to T. circumcincta challenge. Complement factor 1 (CF1), and other members of the classical C1-complex, were significantly (FDR ≤ 0.05) up-regulated in immune sheep in response to challenge by day 2 (+2-3 fold), but not in naïve animals (Table 4 and Figure 3d) ). The "Complement System" was the third most significant pathway identified from the Imd2/Imd0 comparison (Figure 2) , and the most significant pathway within the Network 1 subset from this comparison (Additional file  2 Table S3 ). However, the multiplex qRT-PCR analysis specific for complement factor 1 did not show the same pattern of expression detected in the arrays, with a lot of sheep-to-sheep variation, although there was a clear trend towards up-regulated gene expression in response to challenge in both groups in Expt. 1 ( Figure 6 ).
Matrix metalloproteinases and protease inhibitors
Transcripts for the matrix metalloproteinase MMP-23B were significantly (FDR ≤ 0/05) up-regulated (+1.7 fold) in immune versus naïve sheep on day 5 pi in the microarray analysis (Figure 3e ), while MMP-13 was down-regulated (-2.3 fold) in the immune group compared to naive at day 5 post-challenge (Figure 3e and Table 5 ). There was also significant up-regulation of the protease inhibitor cystatin C (CST3) in immune sheep compared to naïve at day 0 and day 5 post-challenge (+1.4/+1.5 fold) (Figure 3e and Table 5 ). The multiplex qRT-PCR analysis confirmed transcripts for MMP-13 were expressed at significantly (P ≤ 0.05) lower levels in immune versus naïve sheep at day 0, while MMP23B gene expression showed a similar pattern at day 2 pi (P ≤ 0.05; immune vs. naive) (Figure 6 ). Transcripts for cystatin C appeared to be expressed at high but fairly consistent levels in both groups, although significantly higher levels were detected in naïve sheep than immune sheep at day 2 post-challenge ( Figure 6 ).
Immunoglobulins
Genes featuring the "immunoglobulin" descriptor occur 31 times among the significantly (FDR ≤ 0.05) up-regulated transcripts in immune animals on day 5 post-challenge compared to day 5 naïve, and 13 times in the day 2 immune versus day 0 immune group (see [34] for complete dataset). The experiment and the samples being compared are given as subheadings at the top of each section. Nv = "naïve" yearlings, worm naïve prior to challenge; Im = "immune" yearlings, previously infected by trickle infection prior to challenge, d = days post-challenge. Details of the experimental trials and hybridisation design are given in Tables 1 and 2 .
Gastric lysozyme family
Members of the gastric lysozyme family [38] were the most consistently down-regulated transcripts (FDR ≤ 0.05) detected in the Expt. 1 microarray analyses (day 5 post-challenge) (Figure 3f and Table 5 ). RT-PCR and sequence analysis have previously indicated infectionassociated down-regulation of transcripts for the ovine gastric lysozyme genes 1A, 2A, 3A and 4A, and confirmed these transcripts all exhibited some level of polymorphism (Anderson and Knight; data not shown). Gastric lysozymes 1A and 4A were selected for further analysis in the multiplex qRT-PCR assay (Table 3 ). This analysis confirmed that transcripts for lysozymes 1A and 4A were both highly expressed in the naïve abomasum and were significantly (P ≤ 0.05-0.005) down-regulated in immune versus naïve sheep at days 2 and 5 post-challenge, although these differences became less apparent from day 10 onwards as levels in the naïve animals reduced (Figure 7 ).
MALAT-1
Metastasis-associated lung adenocarcinoma transcript 1 (MALAT-1) was identified as among the most significantly (FDR ≤ 0.05) down-regulated transcripts in immune sheep on day 2 post-challenge (-1.8-2 fold), compared to naïve animals or day 0 (Table 4 and Figure  3g ). This observation from the array data was confirmed by the multiplex qRT-PCR analysis, with significantly reduced levels of MALAT-1 transcripts in immune versus naïve animals at day 0 and day 2 post-challenge ( Figure 7 ). MALAT-1 is understood to be a novel noncoding RNA which is highly conserved across species and up-regulated during metastasis, but its function is unknown to date [39] . We also observed transcripts for "boundary element associated factor" as the most highly down-regulated transcript in immune versus naïve animals at day 5 post-challenge (-6.5 fold, Table 5 ); again the function of this gene product is not clear but it appears to be involved in transcriptional regulation by compartmentalization of the genome [40] .
Discussion
The molecular mechanisms that contribute to protection from gastrointestinal nematodes have been extensively investigated in rodent models (e.g. reviews by [41] [42] [43] ), but progress in understanding the responses to natural infections in ruminants, especially sheep, has been slower partly due to the limited range of appropriate species-specific reagents and genomics tools. Here we summarise findings using a novel ovine cDNA microarray, which is the first global transcriptomic analysis of ovine immune responses to Teladorsagia circumcincta challenge. Our data presented here are consistent with the observed increased adaptive and innate immune response taking place by days 2 and 5 postchallenge in the abomasal mucosa of sheep previously exposed to the parasite using this experimental protocol [11] . As discussed below, many of our findings highlight the importance of genes which have been investigated in rodent models of gastrointestinal nematode infection and previously highlighted in other ruminant studies, such as the expression changes in immunoglobulin Figure 4 Results of competitive multiplex qRT-PCR analysis to investigate temporal changes in the expression levels of transcripts normally associated with cells exhibiting cytotoxicity; granulysin, granzymes A, B and H, and cathepsin C, as indicated, throughout the experiment trials summarised in Table 1 . Open circles represent data from naïve sheep; closed triangles represent data from immune ("previously infected") sheep. Significant difference between Nv and Im at same timepoint; *P ≤ 0.05, **P ≤ 0.005, ***P ≤ 0.005; Significant difference between timepoint and day 0 of same group (where available); + P ≤ 0.05, ++ P ≤ 0.005, +++ P ≤ 0.005 (Mann-Whitney U-test for nonparametric data). NB.-data for granzyme H-model fitting failed in some samples, so n = 5 in some groups as indicated.
transcripts, mucus and mast cell products, and members of the arachidonic acid pathway, and point to common mechanisms operating in response to nematode parasitism of both the gastric and intestinal mucosa. However, we have also highlighted novel changes such as altered expression levels of granulysin, gastric lysozymes, members of the matrix-metalloprotease family, and STIP1, which indicate responses that are unique to this model or have not been identified to date.
As reported previously, in all the trials (Table 1) , sheep immunised by previous infection ("immune") had significantly (P ≤ 0.01) lower worm burdens than naïve animals at the same timepoint, even at 48 h post-challenge [4, 11] . Similarly, worms recovered from the immunised sheep showed higher levels of stunting [4] . These observations confirmed there were significantly increased anti-parasite responses in the immunised groups compared to naïve, and that these responses manifested themselves within 48 h of challenge. Previous work using materials from these infection trials indicated that there were clear histological and/or histochemical phenotypic differences elicited in the host response between the "naïve" and "immune" groups, such as mucosal hypertrophy, mast cell and eosinophil counts, and in mucous composition ( [8, 44] and Craig et al., unpublished observations). In order to characterise these differences at a molecular level we examined changes in gene expression at the transcript level in the same experimental animals.
There were some discrepancies in this study between the findings from the cDNA arrays and the multiplex qRT-PCR results, which is likely to be due, in part, to the inability of some of the cDNA probes (+400bp) to distinguish between groups of highly similar genes. This is particularly obvious in the case of the highly similar family of ruminant gastric lysozyme genes [38] ; only the specific RT-PCR/competitive qRT-PCR techniques would have been able to reliably distinguish between transcripts for lysozymes 1A and 4A, which are 92% identical at the DNA level. A similar explanation is likely to account for inconsistencies between the microarray and qRT-PCR findings in identifying changes in transcripts for members of the C1 complement family, and for the ITLN genes 1, 2 and 3, which were unlikely Figure 5 Results of competitive multiplex qRT-PCR analysis to investigate temporal changes in the expression levels of mucous-cell associated transcripts; CLCA1 and ITLNs 1-3, as indicated, throughout the experiment trials summarised in Table 1 . Open circles represent data from naïve sheep; closed triangles represent data from immune ("previously infected") sheep. Significant difference between Nv and Im at same timepoint; *P ≤ 0.05, **P ≤ 0.005, ***P ≤ 0.005; Significant difference between timepoint and day 0 of same group (where available); + P ≤ 0. to be distinguished by the ITLN2 cDNA probe on the array; there were also temporal differences in expression between the three genes ( Figure 5 ). These findings highlight the importance of validation of cDNA array data by more sensitive techniques, such as quantitative PCRbased analyses. As immunity to T. circumcincta is associated with local IgA and IgE responses typical of gastrointestinal nematode infections [4, 6] it is unsurprising that genes featuring the "immunoglobulin" descriptor were highly represented among the significantly up-regulated transcripts in immune animals. Our findings for immunoglobulin transcripts are consistent both with an increased adaptive response in sheep previously exposed to the parasite, and with observations from other global analyses of responses to gastrointestinal nematode infection [45] [46] [47] .
Our findings highlight the universal importance of mucus components in mammalian responses to parasitic nematode infection, such as CLCA1, members of the ITLN family and trefoil factor 3, which potentially contribute to expulsion by altering mucus composition and Figure 6 Results of competitive multiplex qRT-PCR analysis to investigate temporal changes in the expression levels of a number of transcripts associated with tissue remodelling or inflammatory responses throughout the experiment trials summarised in Table 1 . Data is shown for heat shock proteins HSPA8, HSPCA and STIP1; transcripts associated with pro-inflammatory responses CCL2, PLA2G2A and CF1, and matrix metalloproteinases and inhibitors MMP-13, MMP-23 and cystatin C, as indicated. Open circles represent data from naïve sheep; closed triangles represent data from immune ("previously infected") sheep. Significant difference between Nv and Im at same timepoint; *P ≤ 0.05, **P ≤ 0.005, ***P ≤ 0.005; Significant difference between timepoint and day 0 of same group (where available); making the environment of the parasite inhospitable. A similar pattern of gene expression has been identified in response of the abomasal mucosa to Haemonchus contortus infection [46] . There is a clear association between intestinal goblet cell hyperplasia, release of their effector molecules and altered mucus composition with the trapping and expulsion of gastrointestinal nematodes, mostly based on murine studies (reviewed by [43, 48, 49] . Sheep given trickle infection of T. circumcincta are known to exhibit hyperplasia of mucous-neck cells [14] , which are phenotypically similar to goblet cells in the intestine, but this occurs as a later event in naïve sheep in response to challenge [10] . Previous work [44] has also demonstrated differences in PAS staining in naïve versus immune sheep (P < 0.05, Kruskall-Wallis at day 10 post-challenge) from the experimental samples used in this study, indicating altered abomasal mucous composition between the two groups.
CLCA1 (the putative orthologue of CLCA3 in mice), which featured as one of the most consistently up-regulated transcripts in immune sheep, is secreted by goblet/ mucous-neck cells in association with Th2-type inflammatory responses, such as murine models of pulmonary inflammation and gastro-intestinal nematode infection [50] . We have confirmed that CLCA1 is up-regulated by IL-4 and IL-13 in a human goblet cell line [43] , and by IL-4 in ovine gastric epithelial cells (Knight et al., in preparation). The significant up-regulation of transcripts for the mucous cell product trefoil factor 3 (TFF3) in immune animals compared to naïve was in contrast to TFF2, which is highly down-regulated (Tables 4 and 5 ). TFF3 is IL-4/IL-13-regulated and interacts with the mucin MUC2 (not on array) to alter mucus viscosity, with which it co-localises in human intestinal goblet cells, and up-regulation of both these mucus components has been associated with responses to nematode infection in mice (reviewed by [43] ). Up-regulation of TFF3 and down-regulation of TFF2 transcripts has also been demonstrated in the abomasal mucosa of sheep during the response to H. contortus [46, 51, 52] , thus switching to a more "intestinal" phenotype in terms of TFF expression.
The multiplex qRT-PCR analyses showed the galactose-binding lectins ITLNs 1, 2 and 3 were significantly up-regulated in response to challenge in naïve sheep, with earlier up-regulation of ITLN3 than ITLNs -1 and -2 ( Figure 5 ). ITLN protein is localised to mucous neck cells in the abomasal mucosa, and highly up-regulated in infected compared to worm-free naïve sheep [27, 35] . We also observed infection-associated up-regulation of transcripts for two other galactose-binding lectins; galectin 1, which is thought to bind gastrointestinal mucins [53] , and galectin 4, which has been shown to be localised to gastric mucous cells in mice [54] . There is a clear temporal association between expression of members of the intelectin family by murine intestinal goblet cells and resistance to gastrointestinal nematode infection in mice [55, 56] . The ITLN family, like CLCA1, are highly regulated by Th2 cytokines in murine and human goblet cells [43] , and this has also been confirmed in ovine tracheal goblet cells [57] and gastric epithelial cultures (Knight et al, in preparation) . Both CLCA1 and intelectin protein were up-regulated in mucosal washings from previously infected, but not naïve, animals [58] indicating they act concordantly as part of an increased Th2-type response to alter mucus composition. It is possible that members of both the intelectin and galectin family are involved in interaction with mucins to change the rheological properties or adhesiveness of the mucus, and/or adhere to the worms to exert effector function or target them for immune clearance.
Significant up-regulation of the high affinity IgE receptor in immune animals day 2 and day 5 post-challenge, Figure 7 Results of competitive multiplex qRT-PCR analysis to investigate temporal changes in the expression levels of transcripts for lysozymes 1A and 4A, and MALAT, as indicated, throughout the experiment trials summarised in Table 1 . Open circles represent data from naïve sheep; closed triangles represent data from immune ("previously infected") sheep. Significant difference between Nv and Im at same timepoint; *P ≤ 0.05, **P ≤ 0.005, ***P ≤ 0.005; Significant difference between timepoint and day 0 of same group (where available); + P ≤ 0.05, + + P ≤ 0.005, +++ P ≤ 0.005 (Mann-Whitney U-test for non-parametric data).
along with up-regulation of cathepsin C, is consistent with an increased mast cell response in this group. Tcell mediated mucosal mast cell hyperplasia, accompanied by release of mast-cell mediators, is a characteristic feature of gastrointestinal nematode infections in mammals (reviewed by [43, 59] ). While numbers of mast cells (globule leucocytes) in the ovine abomasal mucosa are normally very low in uninfected sheep, they markedly increase in response to T. circumcincta infection in sensitised sheep, accompanied by release of sheep mast cell protease (SMCP) [13, 60] . An assessment of the samples used in this study confirmed that the immune group had significantly higher numbers of mast cells than the naïve group at days 0, 2, 5 and 10 post-challenge, with the naïve animals showing very little increase in mucosal mast cell numbers in response to challenge ( [8] and Craig et al., unpublished data). We see evidence of up-regulation of a number of transcripts associated with eicosanoid metabolism, in particular PLA2G2A, which can initiate and regulate inflammation [61] . Increased synthesis of phospholipase and other members of the arachidonic acid cascade have been associated with intestinal nematode infection in rodents, cattle and swine [62] [63] [64] [65] [66] , and so are likely to play a common key role in the induction and/or regulation of nematode-induced allergic inflammation; we would postulate a similar set of events occurring in the ovine abomasal mucosa in response to parasite challenge. Members of the complement cascade also appear to be up-regulated in response to T. circumcincta challenge; up-regulation of the complement C1 and C4 has similarly been linked to resistance to intestinal nematode infection in cattle [65] . Complement activation serves to initiate and propagate pro-inflammatory responses, although the role of complement in immunity to parasitic helminths is unclear [67] . Proteomic analysis has indicated complement and other plasma proteins are up-regulated in the mucosa of T. circumcinta infected versus naïve sheep, although these are likely to be derived from plasma rather than local expression [58] .
We observed significant up-regulation of the chemokines CCL2 and CCL5 in response to larval challenge (Table 4 , Figures 3c) and 6 ). CCL2, which is produced by a range of cell types including mast cells [68] has been shown to be released locally in response to gastrointestinal nematode infection in mice, and has been implicated in resistance to Trichuris muris by steering towards a Th2-type response [69] . CCL5 is chemotactic for T cells, eosinophils, and basophils and implicated in a wide range of inflammatory diseases [70] . A previous RT-PCR-based analysis has shown that the abomasal mucosa is a source for a range of chemokine transcripts, and that CCL5 transcripts are up-regulated in response to T. circumcincta challenge (Griffith et al., unpublished observations).
One of the most surprising findings from this study, which has not been evidenced from rodent models, is the striking up-regulation of transcripts for granulysin in immune animals, which is normally associated with antimicrobial activity [71] , along with other transcripts (granzymes, cathepsin C) normally associated with lymphocytes exhibiting cytotoxicity. Granulysin and NKlysin are secreted, antimicrobial lipid-binding proteins belonging to the saposin family [71] . They have been identified in human, swine and bovine cytotoxic T lymphocytes and natural killer (NK) cells [72, 73] , but no murine counterpart has been identified to date. Granulysin is active against a broad range of intracellular and extracellular microbes [74] , and granulysin activity has also been associated with apoptosis and necrosis of keratinocytes [75] . Granzymes A, B and H, like granulysin, are also normally associated with the activity of cytotoxic T-cells and NK cells [76] , while cathepsin C is required for the processing and correct functioning of granzymes A and B and mast cell proteinases [77] . Interestingly, the pattern of expression of granulysin transcripts did not closely parallel that of the granzymes and cathepsin C (Figure 4) , which suggests a different cellular source in the abomasal mucosa. This is the first time this molecule has been associated with gastrointestinal nematode infection, and the first association of this molecule with ovine disease. We have recently confirmed increased levels of granulysin protein in the abomasal mucosa of immune, but not naïve, sheep, and the potential biological role of granulysin in nematode infection is under further investigation (Griffith et al, in preparation).
Expression levels of transcripts for a number of heat shock proteins were significantly altered in the microarray analyses; in particular STIP1, which facilitates the association of the HSP70/90 complex which is implicated in the folding/regulation of a range of signalling proteins [78] , was significantly increased in response to challenge ( Figure 6 ). Host heat shock proteins are expressed constitutively in all cells but synthesis is increased in response to certain stressors or infection [79] . There has been little evidence to identify a direct role for heat shock proteins in gastrointestinal nematode infection, although T. spiralis has been shown to elicit host heat shock protein production during muscle migration [80] . The up-regulation and/or release of heat shock proteins is likely to be solely the effect of cellular damage caused to the mucosa by the parasite, but their release may also activate immune cells or facilitate antigen presentation [79, 81] .
Both the microarray and multiplex qRT-PCR analysis demonstrated significant down-regulation of transcripts for MMP-13, as well as apparently high levels of cystatin C transcript expression. In a separate study (Knight et al. , unpublished data), we have detected markedly decreased levels of transcripts for MMP-7 and TIMP-1 (tissue inhibitor of metalloproteinases) in immune versus naïve sheep exposed to T. circumcincta (MMP-7 and TIMP-1 were not this on array). Matrix metalloproteinases are implicated in a wide range of processes including regulation of inflammatory responses such as modulating response to cytokines and activation of β-defensins, as well as tissue dissolution/remodelling [82, 83] and have been associated with T-cell mediated tissue damage to the gut mucosa [84] . The apparently higher levels of these transcripts in naïve compared to immune sheep may reflect increased tissue damage that is generally observed in the abomasa of animals that have not built up a level of immunity to the parasite. It is also possible that they have a role in inflammatory processes/tissue remodelling that is "replaced" in previously exposed sheep by mast cell proteases, which may have a similar function [85] , following expansion of the mucosal mast cell population. The altered profile in matrix metalloproteinases may also have implications in interaction with incoming larvae, as helminth parasites are understood to produce proteinase inhibitors to protect themselves from degradation by host proteinases [86] , and parasites of the gastrointestinal tract can interact with host proteolytic pathways with immunomodulatory effects [87, 88] . Furthermore, T. circumcincta larvae abundantly produce the cysteine protease cathepsin F [89] , which raises the possibility that high local levels of cystatin C could serve a protective function. The potential interaction of these matrix-metalloproteases and protease inhibitors with proteases or inhibitors produced by incoming larvae would merit further investigation.
The most consistently down-regulated transcripts in immune versus naïve sheep detected at day 5 post-challenge were members of the ruminant gastric lysozyme family. It should be noted that the array contained more than 50 spots representing members of this family which were down-regulated in the day 5 immune vs. naïve comparison, and 5 spots in the day 5 naïve vs. day 0 naïve comparison. The large numbers of significant spots may be partly due to the overrepresentation of the lysozyme family on the cDNA chip, having a high proportion of sequences in the KN511 library (2.5%) [90] . There are four highly similar ruminant gastric lysozyme genes, which are thought to have evolved from the lysozyme C gene family by gene-duplication events [38] . They are highly expressed in the ovine abomasum and are thought to act as a major digestive enzyme, functional at low pH, for the large amounts of bacteria entering from the rumen, by breaking down peptidoglycan cell walls which cannot be hydrolysed by conventional digestive enzymes. This analysis confirmed that transcripts for lysozymes 1A and 4A were both highly expressed in the naïve abomasum and significantly down-regulated in immune versus naïve sheep at days 2 and 5 post-challenge, although these differences became less apparent from day 10 onwards as levels in the naïve animals reduced (Figure 7 ). This pattern is in contrast to a parallel proteomics study, where lysozyme 4A increased in previously infected animals compared to naïve at day 0 and day 2 post-challenge (Brown, Pemberton et al., in preparation) and members of the lysozyme family were found to be up-regulated in abomasal epithelial extracts and mucosal washes from previously infected versus naïve sheep [58] . This disparity is likely to be due to differing rates of transcription, processing and storage of the gastric lysozymes prior to secretion. Sheep parasitized by T. circumcincta show diminution of parietal cell number, raised abomasal pH and hypergastrinaemia [14, 91] , so we could speculate that the alterations in lysozyme production, and the possible inability of lysozymes to function in the raised pH of the abomasum, both reflect these changes and may contribute to the resultant nutritional loss seen in infected animals.
In summary, the up-regulated expression of mucouscell related transcripts such as CLCA1, TFF3 and ITLNs, as well as transcripts for the high affinity IgE receptor, CCL2, and members of the arachidonic acid pathway in response to ovine gastric nematode infection, parallel findings from mouse models of intestinal nematode infection by ourselves and others [43, 56, 92] . Many of these changes reflect a common Th2-driven immune response occurring across species and in both areas of the gastrointestinal tract. However, other findings point to novel changes, such as the distinct local up-regulation of granulysin in immune sheep, a gene which is present in humans, cattle and pigs but not mice, and the alteration in the gastric lysozyme profile which is unique to ruminants.
As can be seen from the pattern of expression of the gastric lysozymes discussed previously, it needs to be borne in mind that changes in the transcriptome may not directly reflect contemporaneous changes in local levels of the corresponding protein, many of which are stored before subsequent release into the local microenvironment. Many of the changes described here are likely to reflect the pronounced cellular changes in the abomasal mucosa induced by exposure to T. circumcincta larvae. Nevertheless, the data presented here gives valuable insights into some of the molecular mechanisms that may be operating at the ovine host-parasite interface to control gastric nematode infection.
